ABSTRACT
Hereditary spherocytosis (HS) is the most common form of inherited hemolytic anemia, with an incidence of 1 per 2,000 to 5,000. [1] [2] [3] [4] [5] [6] The classic diagnostic methods for HS are based on evaluating the degree of hemolysis induced by a hypotonic solution (the classic osmotic fragility test [OFT]) or glycerol. However, the classic OFT has some pitfalls, such as frequent indeterminate test results and lack of a standardized cutoff value for positivity. [7] [8] [9] [10] [11] [12] In 1990, the cryohemolysis test, which detects the greater fragility of RBCs in patients with HS to a temperature shift from 37°C to 0°C, was introduced as a complementary test to the classic OFT, and it was shown to possess superior sensitivity/specificity for diagnosing HS compared with the classic OFT. 13 This test was also reported to identify all patients with HS, including asymptomatic carriers, which probably reflects the cryohemolysis test's dependency on the membrane defect, not the surface to volume ratio of RBCs. 14 Upon completion of this activity you will be able to:
• identify the best test(s) to be applied for the discrimination of the patients with hereditary spherocytosis from those with other anemias.
• identify the most suitable results reporting method applicable to these test(s).
The ASCP is accredited by the Accreditation Council for Continuing Medical Education to provide continuing medical education for physicians. The ASCP designates this journal-based CME activity for a maximum of 1 AMA PRA Category 1 Credit ™ per article. Physicians should claim only the credit commensurate with the extent of their participation in the activity. This activity qualifies as an American Board of Pathology Maintenance of Certification Part II Self-Assessment Module.
The authors of this article and the planning committee members and staff have no relevant financial relationships with commercial interests to disclose.
Questions appear on p 574. Exam is located at www.ascp.org/ajcpcme.
Other HS diagnostic methods include visual examination of RBC membrane proteins by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and measurement of eosin-5'-maleimide (EMA) binding to RBCs by flow cytometry (the EMA binding test). The SDS-PAGE method has some disadvantages, such as a strict requirement for expensive equipment, variable detection sensitivity depending on the nature of the defective protein, and ethnic variation. 15, 16 The EMA binding test can yield consistent results with refrigerated samples, and previous studies have reported better performance of the EMA binding test for diagnosing HS compared with the classic OFT. [17] [18] [19] [20] [21] [22] However, the decrease in fluorescence intensity of the EMA reagent stored at room temperature 23 and the requirement of a flow cytometer are major obstacles. In addition, the method of reporting the results of the EMA binding test has not been standardized; some laboratories report the results as absolute mean fluorescence intensities (MFIs) of EMA in patient RBCs, whereas others use percentages of normal controls. [8] [9] [10] [11] [12] [17] [18] [19] [20] [21] Recently published guidelines for diagnosing HS recommend both the EMA binding test and the cryohemolysis test for screening. 6 Recently, the flow cytometric osmotic fragility (FC OF) test, which measures the proportion of residual RBCs after the induction of hemolysis by flow cytometry, has been developed as a complementary method to the classic OFT. 23 This method can quantify the vulnerability of RBCs to hemolysis and generates a precise numerical value representing osmotic fragility. Two studies have evaluated the performance of the FC OF test and reported satisfactory diagnostic sensitivity and specificity for diagnosing HS. 23, 24 Another important issue is the identification of a parameter reflecting clinical severity in patients with HS. Although a reduction in the ratio of hemoglobin (Hb) to mean corpuscular hemoglobin concentration (MCHC) is associated with increased HS clinical severity, 25 the clinical use of HS diagnostic test results for this purpose has not been validated. In addition, most previous studies have compared the performance of the HS diagnostic test with that of the classic OFT based on a comparison between patients with HS and healthy controls. Since anemia of chronic disease (ACD), iron deficiency anemia (IDA), and autoimmune hemolytic anemia (AIHA) are the main types of anemia, studies using these patients as controls are needed. However, to our knowledge, such studies have not been performed.
In this study, we performed three HS diagnostic tests (the EMA binding test, FC OF test, and cryohemolysis test) in 153 patients with anemia (33 with HS, 40 with AIHA, 40 with ACD, and 40 with IDA) and 140 healthy controls. We evaluated and compared the performance of the tests with respect to three issues to identify the most appropriate test for the diagnosis of HS: discrimination of HS patients from patients with other kinds of anemia, consistency of interpretation of the test results, and ability to reflect clinical severity.
Materials and Methods

Patient Selection and Specimen Collection
A total of 33 patients diagnosed with HS from October 2012 through May 2013 were enrolled in this study. The diagnostic criteria for HS were anemia (<11.5 g/dL for patients aged 2-12 years, <13.0 g/dL for male patients >12 years old, and <12.0 g/dL for female patients >12 years old), hyperbilirubinemia (total bilirubin >1.2 mg/dL), splenomegaly, reticulocytosis (≥1.5% for patients aged 2-6 or 12-15 years, ≥1.9% for patients aged 6-12 years, and ≥1.8% for patients ≥15 years), and spherocytosis in peripheral blood (PB) (≥2/high-power field). The thresholds used were those employed in the authors' institution, and the guidelines for the standardization of PB smear interpretation were from the Korean Society of Laboratory Hematology. 26 For AIHA, 40 patients with evidence of hemolysis, such as anemia, hyperbilirubinemia, increased serum lactate dehydrogenase (LD) (>250 IU/L), and positivity in the direct antiglobulin test (DAT), were enrolled. For ACD, 40 patients who had a normal or increased serum ferritin level (≥20 ng/ mL for male patients and ≥10 ng/mL for female patients) and a normal or decreased serum transferrin level (≤360 mg/dL) were enrolled. For IDA, 40 patients with decreased serum ferritin and iron (≤50 µg/dL) and increased total iron binding capacity (TIBC; ≥400 µg/dL) were enrolled.
In addition, 140 healthy adults who underwent general health examinations in the authors' institution were selected as controls, and their laboratory data and medical history were reviewed to confirm their status as healthy controls. Residual PB samples obtained at the time of diagnosis or general health examination were used for the EMA binding test, FC OF test, and cryohemolysis test. All clinical and laboratory data were obtained by retrospective review of electronic medical records, in which were recorded the sex, age, Hb levels, mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), MCHC, reticulocyte counts, serum total bilirubin, haptoglobin, LD, iron, TIBC, ferritin, transferrin, plasma Hb, frequency of spherocytes in PB, existence of splenomegaly, strength of DAT, and classic OFT results. This study was approved by the international review board of the authors' institution.
EMA Binding Test
In total, 100 µL EDTA blood was added to the tubes with 2 mL phosphate-buffered saline (PBS) and washed three times, and 5 µL RBC suspension was added to each tube. Then, 25 µL of 0.5 mg/mL EMA (Sigma-Aldrich Company, Poole, Dorset, UK) stored at -80°C was added to each tube, followed by incubation in the dark for 1 hour at room temperature. After washing three times with 2 mL PBS, 500 µL PBS was added to each tube. The final RBC suspensions from patients and controls were prepared with 100 µL RBC suspension from each tube and 1. 4 The assay was performed in triplicate for each patient and in duplicate for each control.
Flow Cytometric Osmotic Fragility Test
In total, 1.1 mL normal saline was added to a microcentrifuge tube and to a fluorescence-activated cell sorting (FACS) tube. To standardize the number of RBCs per tube, we calculated the blood volume to be added from the following equation: 130/RBC number/10 6 µL. After adding patient blood to the microcentrifuge tube, 1.0 mL normal saline was added and the mixture was vortexed gently. The final patient RBC suspensions were prepared by transferring a 10-µL RBC suspension from the microcentrifuge tube to the paired FACS tube containing 1.1 mL normal saline. Flow cytometric analysis was performed with the FACSCanto II (Becton-Dickinson). RBCs gated on high FSC and SSC were acquired for 10 seconds, and the number of acquired RBCs was defined as R1. After inducing hemolysis by adding 0.9 mL distilled water and gentle vortexing, the acquisition was continued for 2 minutes, and scattergrams of time/SSC plots divided into 10 sections (R2-R11, each for 10 seconds) were obtained. The residual RBC numbers acquired in each section were recorded. The degree of hemolysis was evaluated from . In this study, we modified the previously applied method by using R6 and R7 without application of the dilution factor. This modification was performed to improve the reporting method into a simpler one, which reduces the reporting time. The performance of this new modified reporting method in the discrimination of HS from other anemias was validated in our present study. We found that the modified reporting method demonstrated satisfactory performance (area under the curve [AUC], 0.992), which is similar to the previously used method (AUC, 0.991) for discriminating HS from patients with other kinds of anemia. Therefore, we used the modified reporting method (the use of R6 and R7 without the application of dilution factor) as the proposed reporting method in this study. An example of the interpretation of FC OF test results is given in ❚Figure 2❚. subgroups (mild HS, moderate HS, and severe HS), and the results of each test and the Hb/MCHC ratio were compared pairwise between the subgroups. The published criteria for HS clinical severity 6 were applied to the present study as follows: Hb 11.0 to 15.0 g/dL, reticulocytes 3% to 6%, or total bilirubin 1.7 to 3.4 mg/dL for mild HS; Hb 8.0 to 11.0 g/dL, reticulocytes 6% to 10%, or total bilirubin 3.4 to 5.1 mg/dL for moderate HS; Hb 6.0 to 8.0 g/dL, reticulocytes more than 10%, or total bilirubin more than 5.1 mg/dL for severe HS.
In addition, we compared the test results of the patients with mild HS with those with moderate to severe HS to evaluate the ability of each test to specifically discriminate patients with mild HS.
Statistical Analysis
The Pearson c 2 test or Fisher exact test was used to compare differences of dichotomous variables, and the MannWhitney U test was used to compare continuous variables. ROC curve analysis was used to calculate AUC values for each test to discriminate patients with HS from patients with other kinds of anemia. Correlations between pairs of test results were obtained by Spearman correlation analysis. All tests were two-tailed, with P ≤ .05 considered significant. All analyses except for the ROC curve analysis were performed using SPSS 13.0.1 for Windows (SPSS, Chicago, IL), and MedCalc version 9.2.0.2 (MedCalc Software, Ostend, Belgium) was used for the ROC curve analysis.
Results
Reference Ranges and Cutoff Values for the Screening Tests and Hb/MCHC Ratio
In the EMA binding test, EMA (%) was normally distributed, and the reference ranges and the cutoff value evaluated in the 120 patients with anemia other than HS were determined to be 86.9% to 118.7% and less than 86.9%, respectively. In the FC OF test, residual RBCs (%) were not normally distributed, and the above values determined for the 140 controls were 6.6% to 71.6% and less than 6.6%, respectively. In the cryohemolysis test, cryohemolysis (%) was not normally distributed, and the above values established in the normal controls were 1.5% to 11.8% and more than 11.8%, respectively. The Hb/MCHC ratio also was not normally distributed, and the above values in the normal controls were 0.36 to 0.48 and less than 0.36, respectively. These results are summarized in ❚Table 1❚.
Classic OFT Results in Patients With HS
The classic OFT was performed in 26 (78.8%) of the 33 patients. Eighteen (69.2%) patients showed increased OF.
Cryohemolysis Test
Two tubes containing 2 mL sucrose solution (0.7 mol/L, 21.47 g sucrose dissolved in 100 mL of 50 mmol/L PBS) and two tubes containing 2 mL distilled water were prepared, and all tubes were incubated in a 37°C humidified incubator. Then, 200 µL EDTA blood samples were washed three times with 2 mL cold PBS and stored in an ice box (0°C). Next, 50 µL of patient or normal control RBC suspension (adjusted to hematocrit 50%-70%) stored at 0°C was added to each tube, vortexed for 2 seconds, and incubated for 10 minutes in the 37°C humidified incubator. Then all the tubes were moved to a 0°C ice box and left for 10 minutes. After centrifuging all the tubes, 100 µL of each supernatant was added to a fresh tube containing 2 mL distilled water and vortexed for 2 seconds, and the optical density (OD) at 540 nm was read in a spectrophotometer (U-3310; Hitachi, Tokyo, Japan). The extent of cryohemolysis was calculated as follows:
Cryohemolysis (%) = (mean OD values of two tubes containing sucrose/mean OD values of two tubes containing distilled water) × 100 (%).
Reference Ranges and Cutoff Values Applicable to Each Test and the Hb/MCHC Ratio
We established the reference ranges and cutoff values for the determination of HS positivity in the three tests and for the Hb/MCHC ratio, according to the Clinical Laboratory Standards Institute guidelines for the determination of reference ranges in clinical laboratory tests. 27 To establish the reference ranges, we used the test results from 140 controls and applied the Kolmogorov-Smirnov test to assess the normality of the distribution of results.
Performance of Each Test and the Hb/MCHC Ratio for Discriminating HS From Other Anemias
The results of the three HS diagnostic tests and Hb/ MCHC ratios were compared among patients with HS, other patient subgroups, and healthy controls. The sensitivity, specificity, negative predictive value, positive predictive value, and accuracy of each test for discriminating patients with HS from patients with other kinds of anemia were estimated based on the previously determined cutoff values. Subsequently, a receiver operating characteristic (ROC) curve analysis was performed to determine the best cutoff values applicable to each test, and the performances of the tests were compared using the best cutoff values. For this comparison, we used AUC values and the 95% confidence interval calculated for each test. In addition, Spearman correlation analysis was performed to evaluate the correlations between test results.
Performance of Each Test and the Hb/MCHC Ratio for Assessing the Clinical Severity of HS
Thirty-three patients with HS were classified into three
Performance of the Tests for Discriminating HS From Other Anemias
When the predefined cutoff values were applied, the performances of both the EMA binding test and FC OF test were satisfactory for discriminating patients with HS from those with other anemias, since the sensitivity, specificity, negative predictive value, positive predictive value, and accuracy were calculated to be 97. Table 3 .
Evaluation of the Tests and Hb/MCHC Ratio for Assessing the Clinical Severity of HS
EMA (%), residual RBCs (%), and cryohemolysis (%) did not change significantly with increasing severity of HS. However, the Hb/MCHC ratio was significantly lower in patients with moderate or severe HS compared with those with mild HS, and a trend toward a decreased Hb/MCHC ratio was also observed in patients with severe HS compared with Three (11.5%) patients showed increased OF after 24 hours of incubation. Five (19.2%) patients did not show increased OF. Among these five patients, OFT after 24 hours of incubation was not performed in four (15.4%) patients, and only one patient in whom OFT was performed did not show increased OF after 24 hours of incubation. From these results, the diagnostic sensitivity of classic OFT was estimated to be 21 (80.7%) of 26.
Comparison of Clinical and Laboratory Findings Between Patient Subgroups
The patients with HS had significantly higher Hb levels, MCHC values, and reticulocyte counts than did those with AIHA, ACD, and IDA. They also had lower MCV than did the patients with AIHA and ACD and higher total bilirubin and LD levels than did the patients with ACD and IDA. With regard to the Hb/MCHC ratio, the patients with HS had significantly higher ratios than did those with AIHA, ACD, and IDA but lower ratios than the healthy controls. These differences can be attributed to the following situation: the decrease of Hb and increase of MCHC in patients with HS led to a lower Hb/MCHC ratio than in the healthy controls but a higher ratio than in the patients with AIHA, ACD, and IDA, who have significantly more severe anemia than do patients with HS. These results are described in ❚Table 2❚.
Comparison of the Test Results in the Patient Subgroups
In the EMA binding test, the patients with HS had significantly lower EMA (%) than did those with AIHA, ACD, and IDA. However, there were no significant differences between the other three patient subgroups. In the FC OF test, the patients with HS also had significantly lower residual RBCs (%) than did those with AIHA, ACD, or IDA and the healthy controls. In the cryohemolysis test, the patients with HS had higher cryohemolysis (%) than did those with AIHA or ACD and the healthy controls. However, the patients with IDA exhibited significantly higher cryohemolysis (%) than did those with HS, AIHA, or ACD and the healthy controls. These results are summarized in Table 2 and ❚Figure 3❚. 
Discussion
In the present study, the cutoff value for positivity in the EMA binding test was estimated to be EMA (%) less than 86.9%, which is slightly higher than that of a previous study, which reported a cutoff value of more than a 17.0% decrease in the mean channel fluorescence value (<83.0%) compared with the controls. 23 In the cryohemolysis test, we determined the cutoff value to be more than 11.8%, which is different from the 2.8% 13 0.996 vs 0.798; P < .001) (data not shown). We were thus able to establish the superior performance of EMA (%) over EMA (MFI). Given that the strength of fluorescence by EMA is expected to be decreased in proportion to the reaction time, it can be speculated that the EMA (%), which reflects the relative proportion of fluorescence compared with that in healthy controls, can yield more reliable results than EMA (MFI). In addition, our present results could demonstrate these speculations described above.
In the FC OF test, two previous reports used the residual RBC counts obtained 2 minutes after induction of hemolysis and applied a dilution factor. 23, 24 We modified this method by using residual RBC counts detected 1 minute after inducing hemolysis without applying any dilution factor. Additional analysis has demonstrated satisfactory performance of both the previous method (AUC, 0.991) and the present modification (AUC, 0.992) for discriminating HS from other anemias (data not shown). We thus propose a simpler method for the FC OF test, which reduces reporting time and produces results similar to, or better than, the original method.
In our study, we obtained significantly lower EMA (%) values in patients with HS than in those with other anemias, but there were no differences in EMA (%) among patients with AIHA, ACD, and IDA. In contrast, residual RBCs (%) decreased in the following order: HS, healthy control, ACD, AIHA, and IDA. These results reflect the utility of the FC OF test for the differential diagnosis of anemia as well as for discriminating HS from other anemias. It is noteworthy that we found a higher cryohemolysis (%) in patients with IDA than in those with HS, which points to the occurrence of some false positivity among patients with IDA. We have been unable to determine the cause of this phenomenon, which is an important question for the future.
ROC curve analysis confirmed the superior performance of both the EMA binding test and FC OF test compared with the cryohemolysis test, and we can conclude that both of the former are useful for discriminating HS from other anemias, whereas the cryohemolysis test is not useful, which is partly discordant with current guidelines. 6 Correlation analysis underscored this conclusion since the results of the FC OF test were consistent with those of the EMA binding test but not with those of the cryohemolysis test.
As shown in Tables 3 and 4 , one patient gave a falsenegative result in the EMA binding test and two gave falsenegative results in the FC OF test. The former patient was definitely positive in both the FC OF test (residual RBCs, 2.1%) and the cryohemolysis test (18.9%). The two latter patients were positive in the EMA binding test (85.0% and 81.9%) but also negative in the cryohemolysis test (4.5% and 7.3%). These three patients possessed definite HS features. In addition, three patients gave false-positive results in the EMA binding test, and the other three patients did in the FC OF These results were in contrast to the Hb/MCHC ratio, which decreased significantly with increasing clinical severity of the HS. These results are in agreement with previous findings. 25 The present study has the limitation that the number of patients with severe HS was extremely small (n = 2), so the statistical power of the comparison of test results with respect to the clinical severity of HS was limited. The effect of RBC transfusion on the outcome of the tests in the patients with HS also needs to be considered. Since our patients with HS had mild anemia (median Hb, 11.8 g/dL), only one received an RBC transfusion within 1 week prior to the tests, and the effect of this transfusion on each test was not evaluated adequately. The difference in the FC OF test results between the transfused patient and the patients who did not receive a transfusion (median, 2.8% vs 10.8%) was evident. But the difference in the EMA binding test result (median, 71.2% vs 85.0%) was less evident than that for the FC OF test. However, both tests did not reach statistical significance (P = .121), and we found that the trend of a shift to normal in the transfused patient was detectable in both tests. In addition, when we applied the predefined cutoff value (86.9% in the EMA binding test and 6.6% in the FC OF test), the transfused HS patient in our present study was also positive in the EMA binding test but shifted to negative in the FC OF test. Therefore, it can be speculated that the effect of transfusion (shift to normal) exists in both the EMA binding test and the FC OF test, but the avoidance of the shift by transfusion is more important in the FC OF test than in the EMA binding test to minimize false-negative results. All these observations suggest that an effect of RBC transfusion within 1 week prior to testing may exist in the case of the FC OF test and suggests that the FC OF test should perhaps be avoided in patients who have been transfused within 1 week prior to the test. But it is likely that the avoidance of the shift due to RBC transfusion may be less important in the EMA binding test than in the FC OF test. In conclusion, when the purpose of testing is to discriminate patients with HS from patients with other forms of anemia, both the EMA binding test and the FC OF test are satisfactory and can be recommended, whereas the cryohemolysis test is not recommended because of false positivity in patients with IDA. The most appropriate reporting methods for the EMA binding test and FC OF test are EMA (%), which represents the frequency of EMA binding in a patient's sample compared with a healthy control, and residual RBCs (%), which uses the residual RBC count 1 minute after inducing hemolysis without applying any dilution factor. In addition, the Hb/MCHC ratio is the most useful parameter for assessing the clinical severity of HS. 
